Ultra-fast functional magnetic resonance encephalography (MREG) enables separate assessment of cardiovascular, respiratory, and vasomotor waves from brain pulsations without temporal aliasing. We examined effects of breath hold-(BH) related changes on cardiovascular brain pulsations using MREG to study the physiological nature of cerebrovascular reactivity. We used alternating 32 s BH and 88 s resting normoventilation (NV) to change brain pulsations during MREG combined with simultaneously measured respiration, continuous non-invasive blood pressure, and cortical near-infrared spectroscopy (NIRS) in healthy volunteers. Changes in classical resting-state network BOLD-like signal and cortical blood oxygenation were reproduced based on MREG and NIRS signals. Cardiovascular pulsation amplitudes of MREG signal from anterior cerebral artery, oxygenated hemoglobin concentration in frontal cortex, and blood pressure decreased after BH. MREG cardiovascular pulse amplitudes in cortical areas and sagittal sinus increased, while cerebrospinal fluid and white matter remained unchanged. Respiratory centers in the brainstem -hypothalamus -thalamusamygdala network showed strongest increases in cardiovascular pulsation amplitude. The spatial propagation of averaged cardiovascular impulses altered as a function of successive BH runs. The spread of cardiovascular pulse cycles exhibited a decreasing spatial similarity over time. MREG portrayed spatiotemporally accurate respiratory network activity and cardiovascular pulsation dynamics related to BH challenges at an unpreceded high temporal resolution.
Introduction
In early years of functional magnetic resonance imaging (fMRI), physiological pulsations were regarded as noise that obscures hemodynamic responses coupled to neuronal activity in blood oxygen level-dependent (BOLD) signals. In 1995, Biswal et al. 1 detected functionally connected low frequency fluctuations <0.1 Hz in the resting-state BOLD signal. Since then, fluctuation patterns have been intensely studied with the aim to quantify fundamental properties of spontaneous human brain activity.
Despite the advancement in imaging quality, preprocessing and modeling methods, interactions between different physiological pulsations affecting the cerebral BOLD signal remain unclear. This uncertainty in part originates from the fact that whole-brain fMRI studies usually sample brain data slowly, i.e. one brain volume is imaged every 2-3 s. At this slow image sampling rate, the cardiorespiratory signal gets aliased over low frequencies and is indistinguishable. Moreover, acquiring interleaved image slices further complicates the detection of propagating physiological signals.
Novel ultra-fast 3D k-space under-sampling techniques, like magnetic resonance encephalography (MREG), enable imaging of the whole brain within 0.1 s and impede cardiorespiratory aliasing. 2 MREG combined with synchronous cardiorespiratory monitoring can thus be used to image the temporal evolution of all physiological pulsations with whole-brain coverage. 3 In the past, the research on cardiovascular brain pulsations has not gained much interest, as their physiological role was neither strongly tied to neuronal activity, nor to anything other than noise covering the neuronal signal. However, the recent discovery of the glymphatic brain clearance system has increased the understanding of the physiological role of cardiovascular pulsations as a driving force for maintaining brain homeostasis. 4 Recently, three glymphatic pulsation mechanisms, namely cardiovascular, respiratory, and very low frequency vasomotor waves, were found using resting-state MREG data. 3 Cerebral blood circulation is known to be modulated by partial CO 2 pressure of blood and end tidal CO 2 (etCO 2 ). Due to the known correlation between etCO 2 and cerebral blood flow (CBF), respiratory challenges like breath holding (BH) and hyperventilation have been used to calibrate and quantify BOLD signals. [5] [6] [7] [8] [9] [10] [11] [12] [13] Fluctuations in etCO 2 increase temporal correlation of the BOLD signal in distant regions of grey matter due to vascular reactivity in addition to neuronal activity. [14] [15] [16] Voluntary breath-holding globally increases the BOLD signal due to CO 2 -induced cerebral vasodilation, whereas hypocapnia arising from hyperventilation reduces the BOLD signal. 17, 18 Initially during BH, the altered ratio of oxy-/deoxygenated hemoglobin decreases the BOLD signal, whereas the subsequent compensatory vasodilation leads to both increased blood flow and volume, which increases the signal intensity above the baseline after the initial dip. 6 Specifically, oxygenated hemoglobin concentration increases during BH, while deoxygenated hemoglobin concentration remains constant, as measured with functional near-infrared spectroscopy (NIRS) placed on the forehead. 19, 20 During BH, expression of the central respiratory rhythm is not stopped but merely suppressed. 21 Long BH produces discomfort (which is not equally tolerated by all subjects) and has transient but strong boosting effects on respiration-mediated changes in heart rate (HR), which in turn can induce anxiety-and stressrelated changes of the cardiovascular system. 19, 22 The respiratory output is a result of a complex interaction between deeper and higher brain areas, including the bilateral network of the primary sensorimotor cortices, the basal ganglia, the thalamus, the limbic system, the cerebellum, and the brainstem. [23] [24] [25] [26] Especially in the brainstem, pons and medulla showed a strong BOLD sensitivity to CO 2 stimulation. 27 Taken together, BH is a well-established paradigm to manipulate physiological respiration patterns and thus offers a robust control measure for testing the spatial and temporal sensitivity of MREG in visualizing the alterations in cardiovascular brain pulsations. As the physiological nature of the recently discovered cardiovascular pulsations in MREG signal has not yet been investigated, we set out to investigate their role by modulating etCO 2 in a BH study.
In this study, we utilized multimodal MREG to explore the effects of repeated BH runs on cardiovascular pulsations of the human brain, which so far have not been examined at whole brain level with a high temporal resolution of 10 Hz. We studied whether the MREG signal reveals both classical BOLD-like signal elevations and monitors cardiovascular pulsation changes. As the role of cardiovascular pulses is not fully understood, our aim was to study whether BH induces detectable modulations of cardiovascular pulsation in MREG signal. Our hypothesis was that BHrelated elevation in CBF alters cardiovascular brain pulsations due to changes in vasomotor tone as a response to the BH. This study aims to contribute to the growing area of research on the human glymphatic system by exploring how respiratory manipulation of cardiovascular pulsations influences brain fluid propulsions on high temporal resolution.
Methods

Subjects and paradigm
A total of 13 healthy subjects (age: 32.6 AE 9.7, 5 females) were placed in the MRI scanner and asked to lay still and adapt their breathing according to the instructions continuously shown on screen during MR imaging. Written informed consent was obtained from each subject prior to scanning, in accordance with the Helsinki declaration (1983). The study protocol was approved by the regional Ethical Committee of Northern Ostrobothnia Hospital District in Oulu University Hospital.
The paradigm began with a 40 s normo-ventilation (NV) resting-state measurement followed by five blocks of 32 s breath hold and 88 s of free recuperative respiration. Subjects were instructed to hold breath during the BH period and to breathe freely during respiration periods. The subjects were informed about both start and end of each BH by white text on black background displayed on a screen (Supplementary Figure 1 ).
Multimodal data acquisition and processing
Subjects were scanned using Siemens 3 T SKYRA with 32-channel head coil. MREG is a 3D single shot stack of spirals sequence that under-samples k-space in order to reach 10 Hz critical sampling of physiological pulsations. 2 Scanning parameters (TR 100 ms, TE 36 ms, flip angle 5 , 3D matrix 64 3 , FOV 192 mm) allowed a whole brain sampling rate of 10 Hz with voxel size approximately 3 Â 3 Â 3 mm 3 . The raw MREG data were reconstructed using Matlab recon tool with L2-Tikhonov regularization parameter lambda ¼ 0.1 and the latter regularization parameter determined by the L-curve method with effective spatial resolution was 4.5 mm. 29 Anatomical 3D MPRAGE (TR 1900 ms, TE 2.49 ms, TI 900 ms, flip angle 9 , FOV 240 mm, 0.9 mm cubic voxel) images were used to register the MREG data into Montreal Neurologic Institute (MNI) space.
We used a multimodal setup as described in Korhonen et al. 28 Cardiorespiratory signals were collected using both MRI-compatible GE Datex-Ohmeda TM Aestiva/5 anesthesia monitor (sampling rate 300 Hz) via fingertip plethysmography (PPG) and nasal cannula (etCO 2 , O 2 ) as well as Siemens MRIscanner PPG and respiration belt (sampling rate 400 Hz). These datasets were recorded to verify task compliance (Figure 1 (a) and (b)). During quality control, BH runs where the subject was inhaling or exhaling were excluded. In addition, data with insufficient quality (containing motion or other artifacts) were excluded. The sample sizes were MREG: n ¼ 11, 44 good BHs; NIRS: n ¼ 10, 39 good BHs; plethysmography/CO 2 : n ¼ 8, 31 good BHs; NIBP: n ¼ 10, 39 good BHs (Supplementary Table 1 ).
After transformation to frequency space, Aestiva PPG signals were evaluated visually and subject-specific peaks in the cardiac band in the range of 0.8-1.65 Hz were detected. The individual peaks of the cardiac band had a mean 1.09 AE 0.13 Hz. Frequencies were verified by repeating the process using both the scanner PPG data and MREG data analyzed with AFNI 3dperiodogram. All three variants of the derived cardiac frequency bands were cross-checked for correspondence and matched. Continuous non-invasive blood pressure (NIBP) was measured using two MRI-compatible opto-mechanical accelerometers (ACM). 30 ACM sensors were placed over aortic valve and carotid artery enabling measurement of central cardiac pulse transit time (PTT). Diastolic NIBP was estimated from the PTT using a non-linear model. 31, 32 The results contain normalized blood-pressure curves, without stating the BP value in mmHg, which is sufficient for tracking blood-pressure oscillations (Figure 2(e) ). In addition, HR was calculated in synchrony using the ACM placed over aortic valve (Figure 2 (b)).
NIRS was measured using an MRI-compatible technique. 33, 34 Optodes were placed on the skin above the left eye (source-detector distance: 3 cm) to quantify cortical brain oxygenation level in the left frontobasal cortex as well as arterial pulsations in synchrony with MREG ( Figure 2 ). A modified Beer-Lambert law implemented in HoMer2 software was used to calculate concentration changes of chromophores. 35 Therefore, raw NIRS signals were converted to total hemoglobin (HbT), oxyhemoglobin (HbO), and deoxyhemoglobin (HbR) concentrations. 35 Previously described individual cardiac bands were used to filter NIRS signals. Matlab envelope function was used to calculate their upper and lower envelopes and their difference resulted in the individual amplitude of cortical oxygenation (Figure 2 (g) and (h)).
MREG signal preprocessing and ICA analysis. MREG data of each subject consisted of 6552 brain volumes and preprocessing was performed using a typical FSL pipeline 36 as previously described. 3, 28 In short, first 180 timepoints (18 s) were removed to minimize T1-relaxation effects and then data were high-pass filtered (cutoff 0.008 Hz). MREG data were preprocessed with FEAT, which registered the individual functional data to the T1-weighted structural data and performed spatial smoothing using 5 mm FWHM Gaussian kernel, BET brain extraction (fractional intensity¼0.25, threshold gradient¼0.22, neck and bias-Eeld correction), and MCFLIRT motion correction (Figure 1(c) ).
MREG data were analyzed with FSL Melodic PICA (model order 40) and ICA components were used to identify resting-state networks (RSNs) and physiological signal sources (white matter, CSF, vein, and artery). The set of spatial maps from the group-average analysis was used to generate subject-speciEc versions of the spatial maps, and associated time series, using dual regression. 37, 38 The set of subject-specific dualregressed timeseries, one per group-level ventromedial part of the default mode network (DMNvmpf), primary visual network (V1), sagittal sinus and artery spatial map were used for classical BOLD signal analysis on BH effects (Figure 2(d) ).
Amplitude changes are presented as percental changes. Anterior cerebral artery, sagittal sinus, CSF, white matter, DMNvmpf, posterior cingulate cortex part of the default mode network (DMNpcc), V1, primary somatosensory network (SM1), midbrain (including putamen, pallidum, amygdala) and brainstem were selected (Figure 3, Supplementary Figure 2 ) by template matching with previously identified ICA components. 39, 40 MREG cardiovascular signal amplitude mapping. Preprocessed MREG data were band-pass filtered using individual cardiac band (as described above) using AFNI 3dBandpass (Figure 1 (e)).
Each dataset was cut into six segments: 20 s (200 MREG timepoints) of free respiration from start of the paradigm (NV0) and five times BH segments (BH1-BH5, 100 s or 1000 MREG timepoints each) containing 20 s of pre-BH free respiration, 32 s BH, and post-BH recuperative respiration of 48 s each (NV1-5), respectively. Hereafter, BH always refers to one of the latter segments.
For every voxel, MATLAB findpeaks function was used to localize occurrence of peaks and troughs and peak-to-peak (PtP) amplitude was calculated by subtracting the trough value from the corresponding peak value (Figure 1(e) ). This method produced 4D cardiac pulse amplitude datasets (3D brain volume Â 1000 timepoints, circa 100 pulse amplitude values per voxel depending on HR). These datasets represent every pulse with one positive value. The cardiovascular pulse amplitude represents the amplitude of MREG signal change due to the propagating cardiovascular pulse at each voxel.
To analyze MREG pulse amplitude changes during BH, upper envelopes of the signals were derived for every voxel using Matlab envelope function ( Figure  1 (f)). Each cardiac pulse amplitude 4D map was normalized by transformation of every voxel's amplitude value to a z-score using mean and standard deviation (SD) calculated on the respective NV0 segment. Mean and SD were calculated using AFNI 3dTstat. 3D cardiac pulse amplitude maps were generated by reducing each voxel's timeseries to the highest z-score.
The z-score representing p < 0.05 (FWE-corrected at voxel level) was determined to be z > 5.0 using FSL ptoz function implementing Gaussian Random Fields Theory for multiple comparison correction ( Figure 4 , Table 1 ). The 3D cardiac pulse amplitude maps were threshold accordingly and incorporate voxels that only show a significant increase in cardiac pulse amplitude during BH. Differences in cardiac pulsation amplitude changes between BH runs were revealed by plotting normalized z-score envelope maps for BH1-5 average over subjects (Figure 4(a) ). Time courses of the (Table 1) . 42 To present the general effect of cardiac pulsation amplitude changes during BH, 3D cardiac pulse amplitude maps of BH1-5 were thresholded at z > 6, binarized, and summed. The resulting image contained image values in the range of [1, 3] , where 3 represents a voxel that showed a significant increase in cardiac pulse amplitude in 3 of 5 BH runs (Figure 4(c) ).
Cardiovascular quasi-periodic pulse propagation analysis
We used a modified pattern finding algorithm to obtain quasi-periodic patterns (QPPs) and evaluated their changes in signal intensities and pulse propagations. 3, 43 In short, the QPP algorithm detects peaks and averages spatially similar, repeating periods of time, which in this study is the cardiac cycle of about 1 s duration depending on individual HR. The timing of the cardiovascular pulse peak was obtained from the anterior cerebral artery. Importantly, since the performance of BH showed marked individual performance variability and to be sure to capture only BH-related vasodilation in this analysis, a 22 s segment from the middle of each BH was used.
Subject-specific normalized z-scored 4D QPP map (3D Â 10 timepoints representing average of cardiac pulsations) was created for each BH and NV and averaged over subjects ( Supplementary Figures 4 and 5 ).
All average QPP maps were calculated by subtracting BH from NV ( Figure 5 (a)) to show how cardiac pulse spread over the brain. MATLAB circhift was used to ensure that QPP maps were on same phase and difference between NV and BH periods. . Continued increases first manifest in the lower brainstem, but start to occur in the midbrain (thalamus, hypothalamus, and amygdala) with increasing number of BH runs. (b) Panel depicts the highest cardiac pulse amplitude maps threshold at z-score > 5 (p < 0.05, FWE corrected). Cardiac pulse amplitude increases first manifest in the lower brainstem, but start to occur in the midbrain (thalamus, hypothalamus, and amygdala) with increasing number of BH runs. (c) Mean cardiovascular pulse amplitudes of respiratory network ROIs (thalamus, amygdala, hypothalamus, and brainstem regions; z > 5) varied across repeated BH runs. The grey box marks the 32 s BH period. (d) General effect of repeated BH on cardiac pulse amplitudes in the respiratory centers of the brain displayed in coronal view (y ¼ À24 mm), sagittal view (x ¼ 0 mm), and coronal view (y ¼ À4, in MNI). Green, magenta, and blue voxels indicate a significant z-score>6 (threshold was raised to display contoured clusters) in 1, 2, or 3 of the 5 BH runs, respectively. Labels were added in the style of Sherwood's description of respiratory centers in ''Fundamentals of Human Physiology''. 44 
Statistical tests and methods
To test for differences in MREG (Figures 2(d) and (f) and 3 and Supplementary Figure 2 ), HR (Figure 2(b) ), NIBP (Figure 2 (e)), and NIRS (Figure 2 (c), (g) and (h)) signal amplitudes before versus after BH, averages of 10 s before BH and 10 s after BH for each good BH were compared using a Wilcoxon signed rank test (MATLAB signrank) with Bonferroni correction for the respective number of multiple comparisons (significance level after Bonferroni correction for Figure 3 and Supplementary Figure 2 : alpha ¼ 0.0056). Equivalent p and z-values can be found in Supplementary Table 2 .
To assess spatial similarity of QPP, firstly MATLAB corrcoef was used to compare each BH map with the respective NV0 for every subject (Figure 5(b) ). Then, correlation coefficients between BHs were compared using non-parametric two-sided paired-samples Wilcoxon signed rank test (MATLAB signrank, significance level after Bonferroni correction for multiple comparisons: alpha ¼ 0.005, Supplementary Table 3 ).
Results
Effect of BH on exhaled CO 2 , blood oxygenation, HR, and average MREG BOLD signal
During BH, the etCO 2 trace reflected the atmospheric CO 2 level at the end of inspiration and verified successful task performance in the included datasets ( Figure  2(a) ). HR continuously decreased during BH but quickly recuperated to NV level (Figure 2(b) ).
NIRS signals showed elevations of HbO and HbT, marking increased CBF towards the end of BH that prevailed after BH. In contrast, HbR showed only a small increase after BH that levels in contrast to HbO and HbT (Figure 2(c) ).
The mean MREG signal showed a classical BOLDlike signal increase after the BH onset. The mean MREG signal peaked 10-13 s after BH, depending on the selected IC ROI (Figure 2(d) ).
The frontal DMN MREG and frontal NIRS HbT and HbO signals showed similar time courses. Notably, in contrast to the NIRS signals, the MREG signals showed oscillations at the beginning of BH.
BH effect on cerebral cardiovascular pulsation amplitude
Cardiac-filtered NIBP data showed an initial drop that reached the baseline level after 10 s, remained for 10 s and then dropped reaching a pressure minimum at the end of BH period (Figure 2(e) ). The MREG pulsation amplitude data from anterior cerebral artery (Figure 2(f) ) resembled the NIBP curve (post hoc temporal correlation r ¼ 0.84, p < 0.00001). NIBP time course preceded that of MREG artery (post hoc cross-correlation applying MATLAB xcorr, temporal lag ¼ 1.1 s). Cardiovascular amplitude of HbO signal presented small drops at the beginning of and following BH (Figure 2(g) ). The cardiovascular amplitude of HbR signal remained stable during the BH challenge but elevated significantly after the end of BH (Figure 2(h) ).
Cardiovascular pulse amplitudes increase in respiratory centers
The MREG cardiovascular PtP envelope signals extracted from ICA ROIs covering brain stem (p ¼ 0.00002, corrected), midbrain (p ¼ 0.001, corrected), somatosensory cortex (p ¼ 0.00005, corrected), sagittal sinus (p ¼ 0.003, corrected) and visual (p ¼ 0.0057, not corrected) showed significant amplitude elevations after BH (Figure 3 ). Default mode ROIs and CSF presented a tendency to slightly elevate amplitude, while white matter remained stable during BH ( Supplementary Figure 2) . The MREG amplitude elevation was in line with HbR amplitude increase detected in NIRS (Figure 2(h) ). Surprisingly, brainstem and midbrain showed clearly biggest amplitude changes.
The most significantly increased cluster in the cardiovascular pulse amplitude map (z-score > 5, FWEcorrected p < 0.05) represents respiratory control areas in the brain. Importantly, clusters increased in amplitude, size, and amount with increasing number of performed BH runs (Figure 4(a) , Table 1 ). In BH1-2, significant cluster occurred in the brainstem's ventral and dorsal respiratory control areas at upper and lower part of the pons. There, the spatial extent of the signal amplitude maxima was smallest in BH2 (Figure 4(b) ). In BH3, the spatial distribution of the voxels diverged towards upper and dorsal parts of the brainstem. Finally, in BH4-5, an extension to brain peduncles, thalami, left hypothalamus, right caudate nucleus, and amygdalae was observed. Comparing pulse amplitude changes in those regions across BH runs, strongest elevations occurred immediately following the BH period, but temporal profiles varied between BH runs (Figure 4(b) ). Most regions showed a spike at the start of BH period in BH5. Areas that have the most significant increases in the cardiovascular pulse amplitudes during BH are precisely located in the respiratory control areas of the human brain ( Figure  4(d) ).
MREG cardiovascular impulse spread during BH
The spatiotemporal pattern of cardiovascular pulse presented significant changes over time, which initially dominated in the peri-arterial areas in BH1-2. However, with increasing number of BH runs, the differences between NV versus BH became stronger and more widespread and started to disseminate increasingly towards peripheral brain structures ( Supplementary Figures 4 and 5) . A phase shift in the pulse propagation occurred during BH5 (Figure 5(a) ). Late BH runs showed a low spatial similarity with early Table 1 ).
ones, indicating that the magnitude of pulse propagation change during BH exceeded normal alterations in cardiovascular pulse propagation ( Figure 5(b) , Supplementary Table 3 ).
Discussion
Our results replicated previously identified BH-induced increases in brain oxygenation levels (MREG BOLD and NIRS HbO) in cortical areas. Central blood pressure dropped at BH onset and end, and was highly correlated to arterial MREG signal pulse amplitude. Interestingly, the maximum cerebral cardiovascular pulse amplitude showed dynamically growing increases within the respiratory brain centers with each passing BH. Similarly, the spatial spread of the cardiovascular pulse wave became increasingly altered by each BH. The BH challenge did not entail significant alterations in cardiovascular pulsation amplitude in most of the cortical grey matter structures, neither in the white matter nor CSF. Frontal oxygenation pulse amplitude showed a tendency to drop following BH, but it was smaller and modulated in comparison to those seen in the arteries.
BOLD signal and neurovascular responses during BH
Using MREG BOLD signal analysis, we observed an overall increase in signal intensity (Figure 2(d) ), which matched those detected in earlier studies. After an initial drop, the BOLD has been shown to increase during BH due to vasodilation in the cortex. 8, 10, 11, 45 We observed a slight initial signal decrease followed by a bigger increase towards the end of the BH period, which is consistent with studies employing a BH paradigm starting with inhalation. 46 MREG cardiovascular pulse amplitude data indicated that BH induced small increases in the cortical ROI's and in the CSF (Supplementary Figure 2) , similar to HbR in the cortex. Despite the mean arterial BP drop, the amplitudes increase in the cortex, mostly after BH. BH-induced increases in CBF have been confirmed by arterial spin labeling MR perfusion techniques 8 and transcranial doppler. 47 An increased CBF elevates oxy/ deoxyhemoglobin concentration ratio, leading to increased BOLD signal change due to reduced de-phasing of the spins around vessels. 9 This effect has been explained by an increased washout of HbR due to vasodilation. 5, 10, 11, 48 The NIRS data revealed maximal HbO and HbT signal increases a few seconds after the cessation of BH (Figure 2(c) ), which is in line with previous findings, employing a comparable length of BH periods. 20, 49 HbO and HbT concentrations in primary motor area have shown a slight increase shortly after the start of BH, the signals strongly decreased after 10 s of BH and peaked again 10 s after end of BH. 50 In our previous study, HBO and HbT signals in occipital cortex transiently decreased during the first 10 s of BH and followed a similar rising trend than observed in Figure 2 (c) that exceeded baseline and peaked 10 s after end of BH while subjects were sitting. 32 Taken together, HbO and HbT signal peaks after BH are consistent observed across studies.
In contrast, HbR concentration did not decrease, as one might expect as a cause of the increase in BOLD signal. Instead, also HbR presented a small peak following BH (Figure 2(c) ), coinciding with a BOLD signal increase (Figure 2(d) ). The BOLD signal increases following BH were reflected in the increased HbT and HbO levels, pointing to a vasodilating effect underlying the BOLD signal increase. 49 The blood volume expansion may extend from arteries and capillaries into the venous compartment alike, as described in the balloon model in activation hyperemia. 48 Our results indicate an accumulative increase of HbT and HbO, since their values do not return to the baseline like the HbR does. This suggests an increase in CBV, which also may be linked to the detected changes in 3D cardiovascular pulse dynamics in Figure 5 .
Another noteworthy finding was that in our experiment, the BH challenge induced a marked drop in blood pressure, which was reproduced in the envelope of cardiovascular pulse amplitude of MREG signal from an anterior cerebral artery (Figure 2(e) and (f) ). This finding is of importance, since it verifies the accuracy of our multimodal neuroimaging data: two independent measures of blood flow (NIBP vs. MREG) showed virtually identical signals during BH challenge. The continuous NIBP time courses were also consistent with those observed in our pilot study. 32 One would expect that since BOLD signal increases in the cortex, the cardiovascular pulsations should also increase due to vasodilation of vessels. Furthermore, the accompanying blood pressure drop during BH should increase cardiovascular brain pulse amplitude in frontobasal HbR (Figure 2(h) ), MREG in cerebral grey matter, and white matter/CSF (Figure 3 and Supplementary Figure 2) . However, the cardiovascular amplitude increases were significant only in brain stem, midbrain, SM1 and sagittal sinus. Surprisingly, cardiovascular pulsations remained relatively stable throughout the cortical grey and white matter. In the deep structures, especially in the brain stem, the amplitude changes were much larger. Along these lines, BH induced a continuous decrease in HR that recuperated during subsequent resting free ventilation, which once more confirmed results of the pilot study. 32 Due to unfirm fingertip attachment, finger movement, temperature, or other factors, the peripheral SpO 2 sensor sometimes fails to monitor the HR changes and thus central measures like NIBP tend to be more reliable.
The increase in mean cardiovascular NIRS signal pulsation amplitude of HbO after end of BH ( Figure  2(g) ), seems to be consistent with other research which found that the amplitude of the arterial pulse wave of the cerebral microcirculation measured by NIRS increased following BH compared to preceding rest. 47 Cardiovascular pulse amplitude increased in respiratory control centers Plotting the maximal increase of cardiovascular MREG signal pulse resulted in a map of the respiratory control network. The most interesting finding was that the repeated BH runs presented a dynamic increase in both amplitude of pulsations and size of the involved network towards latter BH runs. Notably, the results precisely mapped the respiratory control centers in the brainstem, including dorsal and ventral respiratory groups below the pons (medullary respiratory centers), the pre-Bo¨tziger complex, as well as the pontine pneumotaxic and apneustic centers (Figure 4(d) ). The respiratory control centers in the brainstem generate and regulate a rhythmic breathing pattern. In short, the respiratory rhythm arises in the pre-Bo¨tzinger complex, the medullary centers control inspiratory muscles, and the pontine centers fine-tune smooth inspiration and expiration. 43 It seems possible that the cardiovascular pulse amplitude peak observed in the respiratory control network is most likely caused by a vasodilation following neuronal activation within the control nuclei. The peak effect is combined with hypercapnia-induced CO 2 vasodilation effects, which seem to be very subtle based on our overall results in the brain. The spreading amplitude change from medullary and pontine nuclei into the thalamic areas showed dynamic adaptation of the respiratory network across BH runs (Figure 4(a) ).
The amplitude changes also suggested that an increasing number of involved nuclei is most likely due to accumulation of CO 2 . In BH1-2, the areas of increased cardiovascular pulse amplitude involved respiration control centers located in ventral medullar nuclei. In BH3-4, the previous pulsation area increased in size and returned towards areas in posterior medullar and up to pneumotaxic areas known to be activated by CO 2 . In BH4-5, thalami, putamen, amygdalae, and hypothalamus showed increased pulse amplitude (Figure 4(a) ).
Thalamic nuclei were shown to play an important role in integrating respiratory signals to and from the brainstem respiratory centers. 27 While cluster in pons, thalamus, and medulla have shown strong BOLD sensitivity to CO 2 stimulation, the anterior thalamus had strongest connectivity with amygdala, frontal cortex, and anterior cingulate cortex, which are areas mediating affective components of respiration. 27 Bilateral amygdala pulsation increase was maximal in BH4 towards the end of the BH paradigm, which may be explained by an effect of added discomfort due to repeated and relatively long 32 s breath-holds. Performing BH while lying in the MR scanner may additionally contribute to un-easiness and reduce wellbeing of the subjects.
Testing variants of chemo-stimulated breathing elicited by hypoxia, hypercapnia, and a combination of these stimuli, McKay et al. 25 observed increases in neural activity within regions of the brainstem, thalamus, striatum, cingulate cortex and cerebellum. Using a repeated BH paradigm, McKay et al. 24 revealed increased activity in areas commonly associated with response inhibition (insula, basal ganglia, frontal cortex, thalamus, amygdala, supramarginal gyrus, temporal gyrus), as well as superior dorsal and inferior ventral pons. 24 Their results were derived based on three brain volumes acquired during 15 s of BH and brainstem masking has been used. The current study stood to benefit from 10 Hz MREG sampling rate (yielding 320 brain volumes during 32 s of BH) at increased statistical power and yielded results corrected at the whole brain level per each BH separately. Nevertheless, despite the tremendous methodological differences, the concordance of the anatomical findings of the network with results by McKay 24,25 is striking. Thus, evidence from the current study corroborates the previously identified involvement of brainstem nuclei as well as midbrain areas responsible for respiratory control.
Spatial impulse dynamics altered as a function of BH
In addition to the loci of maximal increase of cardiovascular MREG signal pulse, we furthermore investigated their intensity and spatiotemporal profiles and found differences between BH runs (Figures 4(b) and 5(a) and (b)). In line with our hypothesis that cardiovascular brain pulsations would change as a response to BH challenge, strongest amplitude elevations were detected immediately following the BH period.
The dynamic respiratory nuclei responses can be explained by individual physiological adaptation mechanisms, as nuclei in pons and midbrain are coupled to cardiorespiratory changes. For example, physiological changes have been shown to correlate with focal brainstem activity in slow breathing and hypoxic challenges. 26 Moreover, the anatomical spread of the cardiovascular pulse within the brain was altered as a function of BH in a similar way to the respiratory center amplitude change ( Figure 5(a) ). As more brainstem nuclei became involved, the cardiovascular pulse propagation also became increasingly different when compared to pulses in normoventilation suggesting accompanying vasomotor tone changes ( Figure 5(b) ).
Both increasing involvement of CO 2 sensing nuclei and altered pulse spread changes during repeated BHs can be connected to accumulation. The accumulating CO 2 is most likely related to the increased blood flow and volume seen in the NIRS as non-leveling HbT and HbO after BH. The altered involvement of the respiratory control nuclei may also further modulate vasomotor centers and thus induce widespread changes that then manifest as significant alterations in the cardiac pulse spread in the brain. Moreover, the amplitude of the pulses within the nuclei tended to increase as a function of the BH.
Relevance of brain pulsation mapping
Importantly, to precisely describe disease-related changes in the cardiac pulsations driving the glymphatic system, the method used to reveal these effects should be both spatially accurate and temporally sensitive in mapping most subtle changes in these pulsations. Our results showed that MREG data are both spatially and temporally highly accurate in detecting subtle alterations as it enabled mapping of dynamic effects in respiratory brainstem nuclei. The spatial spreading pattern of the pulse may convey significant information of physiological and pathological pulsation alterations, as a significant deviation may originate from altered glymphatic mechanisms or other hydrodynamic changes of the brain tissue. 4, 51 Thus, the present study introduced valuable methods, which are promising to disclose aberrant glymphatic flow mechanisms and their (dys-)regulation in neurological diseases like dementia.
Limitations
Recent ultra-fast fMRI inverse imaging techniques 52, 53 such as MREG 2 , generalized inverse imaging, 54 and echo-volumar imaging 55 enable critical signal sampling at least at 5 Hz without aliasing. Nevertheless, spin or gradient EPI MRI scanning techniques are still more commonly used. These sequences gather 3D brain volumes in 0.7-3 s via interleaved acquisition of slices to avoid slice spin excitation cross talk, which comes with the disadvantage of mixing the spreading signal change patterns and aliasing. Compared to acquiring subsequent slices several hundred ms apart in a jerking way of the interleaved sampling, ultra-fast MRI techniques capture the spreading pulse in a continuous manner.
The subjects decided freely whether to perform BH after inspiration or expiration, which warrants caution. However, based on low EtCO 2 during BH and the early increase in HbO, it seems likely that most subjects inspired upon start of BH. After screening of CO 2 data, we excluded data from two subjects completely as well as some sporadic flawed BHs ( Supplementary  Table 1 ), which underlines the necessity of proper CO 2 measurement. Masks monitoring gas composition during respiration would have enabled precise CO 2 and O 2 control, but breathing rhythm and entailed neuronal responses are nevertheless subject-specific. To account for effects of endexpiratory pressure on cortical oxygenation 50 , valsalva maneuvers should be added in future studies. We assumed that the motivation to perform the BH challenge was equally high for all subjects. However, differences in previous experience with being an MR subject as well as affective responses to hypercapnia are likely to have influenced each subject's performance. 45 The long hypocapnia blocks might have elicited brain activation associated with air hunger.
The findings may be limited by the relatively low number of included subjects but given that MREG yielded 1000 whole-brain images per each BH run, we were able to follow the brain signals at a very high temporal precision that allows for a more accurate temporal separation of neuronal events and thereby increased statistical power.
The results speak of the high sensitivity of the MREG, since the brainstem is susceptible to respiratory CSF pulsations that mask activation tasks and often necessitate analysis to be masked only into brainstem voxels due to lack of statistical power. Intriguingly, the respiratory center mapping was based on detecting one single most significant pulse increase per voxel at group level >5 SDs, which speaks of high temporal sensitivity.
Conclusions
This study set out to characterize the effects of repeated BH runs on cardiovascular pulsations of the human brain at high temporal resolution. This is the first time that dynamic increases in cardiovascular brain pulsations have been detected with in respiratory centers of the brain induced by repeated BHs. Importantly, the results show that the MREG data were both spatially accurate and temporally sensitive in the detection of alterations in the adaptability of the brain to breathholding. Both increases and decreases of pulsation with high spatiotemporal accuracy matched physiological monitoring data. Furthermore, novel changes in anatomical spread of the pulse cycle were detected in the brain tissue during BH even in the absence of marked pulse amplitude changes. The findings prove that MREG scanning offers a valuable tool for assessing brain status with respect to changes in physiological brain pulsations.
